Embryonic stem cells (ESCs) can undergo unlimited self-renewal and retain the pluripotency to differentiate into all cell types in the body, thus holding great promise as a renewable source of cells for human therapy. The mechanisms that maintain self-renewal of ESCs remain unclear. Here we show that Nanog, a transcription factor crucial for the self-renewal of ESCs, is phosphorylated at multiple Ser/Thr-Pro motifs. This phosphorylation promotes the interaction between Nanog and the prolyl isomerase Pin1, leading to Nanog stabilization by suppressing its ubiquitination. Inhibition of Pin1 activity or disruption of Pin1-Nanog interaction in ESCs suppresses their capability to self-renew and to form teratomas in immunodeficient mice. Therefore, in addition to the stringent transcriptional regulation of Nanog, the expression level of Nanog is also modulated by posttranslational mechanisms.
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teratomas | self-renewal | ubiquitination | transcription E mbryonic stem cells (ESCs) can undergo unlimited self-renewal and retain the pluripotency to differentiate into all cell types in the body. Therefore, as a potentially unlimited source of various cell types, ESCs hold great promise for cell replacement therapy in many human diseases. To achieve their therapeutic potential, ESCs and their derivatives must be genetically stable to prevent tumorigenesis by the transplanted cells. Therefore, it is critical to elucidate the mechanisms that maintain the self-renewal and genomic stability of ESCs. Recent studies indicate that Nanog, an ESC-specific homeodomain protein, is required for the self-renewal of ESCs (1, 2) . In this context, constitutive overexpression of Nanog suppresses the differentiation of ESCs induced by various stimuli such as RA or leukemia inhibitory factor withdrawl (1) . In addition, decrease of Nanog expression in mouse and human ESCs leads to spontaneous differentiation of ESCs (2) . Recent findings indicate that p53 directly suppresses the transcription of Nanog after DNA damage, contributing to the differentiation and elimination of DNA-damaged ESCs from the selfrenewing pool (3) . In addition, the important roles of p53 in maintaining the genomic stability of ESCs are further supported by the findings that p53 −/− human ESCs are genetically unstable (4) . Therefore, ESCs maintain their genomic stability by coordinating their selfrenewal capability with DNA damage responses (5) .
As a transcriptional factor, Nanog functions by activating or suppressing the expression of target genes. Although it remains unclear which of the transcription targets of Nanog are involved in maintaining the self-renewal of ESCs, recent genome-scale location analysis has identified a large panel of promoters that are bound by Nanog in human ESCs (6) . Several studies have identified Nanog-interacting proteins that might collaborate with Nanog in the transcription of its target genes (7, 8) . In addition, it has recently been reported that Nanog is cleaved by caspases upon induction of differentiation (9) . However, in addition to stringent transcriptional regulation of Nanog, the posttranslational mechanisms that regulate the stability and activity of Nanog in ESCs remain largely unknown. Although there is evidence that Nanog is a phosphoprotein (10) , the functional significance of this posttranslational modification has yet to be addressed.
The reversible phosphorylation of proteins on serine or threonine followed by proline residues (pS/pT-P), also called prolinedirected phosphorylation, is critical in regulating numerous cellular events (11, 12) . The peptidyl prolyl bond is characterized by a peculiar backbone conformation that allows the protein to adopt two slowly interconverting states; the switch between cis and trans conformation is a limiting step for protein folding and requires an isomerase to efficiently catalyze the process. Among the members of the prolyl isomerase family, Pin1 is the only one that can recognize the pS/pT-P motif and induce the cis/trans conversion of the proline bond (13, 14) . Pin1 consists of an Nterminal protein-binding WW domain and a C-terminal domain (PPIase) that is responsible for the peptidyl-prolyl isomerase activity (13) . The WW domain of Pin1 binds to phospho-Ser-Pro (pS-P) or phospho-Thr-Pro (pT-P)-containing peptide sequences (15) . By isomerizing the pS/T-Pro bonds, Pin1 has been shown to induce conformational change in proteins, including cyclin D1, p73 and p53, thereby having profound impacts on their phosphorylation state, catalytic activity, protein-protein interactions, and turnover (16) (17) (18) (19) . In particular, recent results indicate that such Pin1 activity is correlated with a change in target protein stability through a ubiquitin-mediated mechanism (20) (21) (22) (23) (24) (25) . These data indicate that Pin1 dependent conformational changes are a unique signaling mechanism pivotal in regulating many cellular functions.
To investigate the regulation of Nanog by posttranslational modification, we identified several Ser/Thr-Pro motifs of Nanog that, when they have been phosphorylated, promote the interaction between Nanog and Pin1. This interaction is important for the stabilization of Nanog by reducing its ubiquitin dependent degradation and represents a mechanism critical for the self-renewal and the teratoma-forming potential of ESCs.
Results
Nanog Is Proline-Directed and Phosphorylated. To identify the potential Ser/Thr-Pro motifs of Nanog that are phosphorylated, we inspected the protein sequence of the mouse, rat, and human Nanog and identified four conserved Ser/Thr-Pro motifs that, when they have been phosphorylated, may provide Pin1 binding sites (Fig. S1 ). To assess if some of these sites could be phosphorylated in ESCs, we used the MPM2 antibody that specifically recognizes the phosphorylated Ser/Thr-Pro motifs. Our findings indicate that Nanog is phosphorylated at Ser/Thr-Pro motifs in ESCs (Fig. 1A) . To test whether these sites are indeed the phosphorylation sites, we introduced Ser/Thr to Ala mutations into these four sites (Ser-52, 65, and 71, and Thr-287) of the myctagged Nanog. The mutant Nanog protein is denoted Nanog4A. When the expression vectors expressing the myc-tagged WT Nanog and myc-tagged Nanog4A were independently transfected into ESCs and the expression of myc-tagged Nanog proteins were confirmed, MPM2 antibody was used to test whether Nanog4A is still phosphorylated at Ser/Thr-Pro motifs. The 4A mutation greatly reduces the phosphorylation of Nanog at Ser/ Thr-Pro motifs in ESCs, indicating that these evolutionarily conserved sites are the major Ser/Thr-Pro motifs phosphorylated in ESCs (Fig. 1B) . The residual levels of phosphorylation detected by MPM2 antibody suggested that other Ser/Thr-Pro motifs of Nanog might also be phosphorylated.
To further confirm that these Ser/Thr-Pro motifs of Nanog are phosphorylated in cells, myc-tagged Nanog was expressed in 293 cells because ESCs express low levels of endogenous and transgenic Nanog protein, making it difficult to analyze the phosphorylation of Nanog by MS. Myc-tagged Nanog protein purified from 293 cells was analyzed by MS, revealing that Nanog is phosphorylated at several residues, including Ser52 and Ser65, in 293 cells (Fig. 2) .
Pin1 binds to phosphorylated Ser/Thr-Pro motifs, so we tested whether Pin1 interacts with Nanog in ESCs. Reciprocal coimmunoprecipitation experiments indicated that the endogenous Pin1 and Nanog interact in mouse ESCs (Fig. 1C) . In addition, when myc-tagged Nanog was expressed in mouse ESCs, coimmunoprecipitation experiments indicated that it interacts with Pin1 ( Fig. 1E ). To confirm that the identified phosphorylated Ser/ Thr-Pro motifs of Nanog are indeed the binding sites for Pin1, cell lysates from 293 cells expressing Nanog WT and the mutants Nanog S71A, Nanog3A (S52/65/71A), and Nanog2A (S52/65A) were subjected to a pull-down assay with GST-Pin1 or with GST alone as a negative control. The binding of Pin1 to Nanog3A and Nanog2A was dramatically reduced, indicating that the two phosphorylated motifs (Ser52, 65-Pro) of Nanog are important for its binding to Pin1 (Fig. 1D ). Consistent with this notion, coimmunoprecipitation experiments showed that the interaction between Nanog4A and endogenous Pin1 was greatly reduced in mouse ESCs (Fig. 1E ). To test whether the interaction between Nanog and Pin1 can be promoted by the negative charge conferred by phosphorylation, we used the GST-Pin1 pull-down assay to determine the interaction between Pin1and a Nanog mutant containing a phosphomimetic mutation (glutamic acid) at positions 52, 65, and 71 (denoted Nanog3E). Our findings indicate that these S-to-E mutations profoundly inhibited the binding of Nanog to Pin1 (Fig. 1F ).
Inhibition of Pin1 Activity Suppresses ESC Self-Renewal by Reducing Nanog Protein Levels. Pin1 is responsible for modulating the stability and activity of many transcription factors by isomerizing the phosphorylated Ser/Thr-Pro bonds (17, (26) (27) (28) . Therefore, we speculate that Pin1 might regulate the stability and activity of Nanog. To test this hypothesis, we analyzed the expression of Nanog and Oct4 in mouse and human ESCs at different time The endogenous Nanog is phosphorylated at Ser/Thr-Pro motifs. Endogenous Nanog was immunoprecipitated with anti-MPM2 antibody that specifically recognizes phosphorylated Ser/Thr-Pro motifs, followed by Western blotting for the levels of Nanog protein in the immunoprecipitate. (B) Mapping of the phosphorylated Ser/Thr-Pro motifs of Nanog. Cell lysates derived from mouse ESCs expressing myc-tagged WT Nanog and myc-tagged Nanog4A were immunoprecipitated with MPM2 antibody, followed by Western blotting with antimyc antibody. (C) The interaction of the endogenous Nanog and Pin1 in mouse ESCs shown by reciprocal coimmunoprecipitation analysis. NRS and NMS refer to normal rabbit serum and normal mouse serum, respectively, that are negative controls for the specificity of antibodies used in the immunoprecipitation. IP and WB refer to immunoprecipitation and Western blotting, respectively. (D) The phosphorylated Ser/Thr-Pro motifs at the N terminus of Nanog are responsible for binding to Pin1. GST-Pin1 pull-down assay were performed using lysates of HEK 293 cells expressing myc-tagged WT Nanog, NanogS71A, Nanog3A and 2A (D), and Nanog3E (E). GST was used as negative control for the pull down assay. (E) Phosphorylation of Nanog promotes its interaction with Pin1 in ESCs. The interaction between myc-tagged Nanog4A and Pin1 is greatly reduced in ESCs as shown by coimmunoprecipitation. (F) Nanog3E (Ser52, 65, 71 to Glu) mutation disrupts the interaction between Nanog and Pin1 as shown by GST-Pin1 pulldown assay. Fig. 2 . Identification of the phosphorylation sites of Nanog by MS. Myc-tagged Nanog expressed in 293 cells were purified and analyzed by MS. Unique peptides from Nanog were identified with a protein sequence coverage of 65%. Four phosphorylation sites of Nanog were identified at S52, S56 or S57, S65, and S77 or S78. Phosphorylations of S52 and S65 were unambiguously identified, whereas the MS/MS data do not allow us to pinpoint the exact phosphorylation sites between S56/S57 and S77/S78. points after treating with the Pin1 inhibitor PiB. PiB is a selective and reversible inhibitor of Pin1 isomerase activity (IC 50 of approximately 1.5 μM) (29) . Molecular modeling shows that PiB can bind Pin1 at the active site and inhibit its PPIase activity in a competitive manner by masking its substrate binding sites (29) . A significant reduction of Nanog protein levels was detected in mouse ESCs within 8 h of PiB treatment (Fig. 3A) . In contrast, protein levels of Oct4 were not affected by the same treatment, indicating that the reduction of Nanog protein levels after PiB treatment is not a result of the induction of differentiation by PiB (Fig. 3A) . The mRNA levels of Nanog were normal whereas its protein levels were reduced at 4 h in mouse ESCs after PiB treatment, suggesting that Pin1 inhibitor decreases the stability of Nanog (Fig. 3A and Fig. S2A ). In addition, Nanog-dependent transcription was normal at early time points after the treatment with Pin1 inhibitor (Fig. 3A and Fig. S2A ). The impact of Pin1 inhibitor on the stability of Nanog was directly measured by treating ESCs with cycloheximide in the presence or absence of PiB; this showed that PiB decreases the stability of Nanog (Fig.  3B) . These findings suggest that the isomerase activity of Pin1 is important for Nanog stabilization. Similarly to the findings in mouse ESCs, the protein levels of Nanog, but not Oct4, were significantly reduced in human ESCs within 8 h of PiB treatment, indicating an evolutionarily conserved role of Pin1 in stabilizing Nanog in ESCs (Fig. 3C) .
To confirm that Pin1 is responsible for stabilizing Nanog in ESCs, the expression of Pin1 in mouse ESCs was silenced by RNAi (Fig. 3D) . When the protein levels of Pin1 were reduced in ESCs, the protein levels of Nanog were also reduced (Fig. 3D ). In contrast, the protein levels of Oct4 and tubulin were not affected by Pin1 depletion (Fig. 3D) . Therefore, we conclude that Pin1 stabilizes Nanog in ESCs.
Considering the critical role of Nanog in maintaining the selfrenewal of ESCs, mouse and human ESCs were treated with increasing concentrations of PiB, and their self-renewal efficiency was evaluated by a clonal survival assay as previously described (30) . The self-renewal of mouse and human ESCs were essentially abolished when treated with higher concentrations of PiB (Fig. 3E) . To confirm that the observed self-renewal defect is a result of inhibition of Pin1 activity, the self-renewal of mouse ESCs in the presence of another Pin1 inhibitor Juglone (31) was ascertained. Juglone is a natural compound known to be a selective cell-permeable, irreversible inhibitor of parvulin-like PPIases, such as Escherichia coli parvulin, yeast Ptf1/Ess1, and human Pin1 (IC 50 of approximately 1.5 μM) (31) . Similarly to PiB, higher concentrations of Juglone suppressed the self-renewal of ESCs, indicating that Pin1 activity is important for ESC selfrenewal (Fig. S2B) . To exclude the possibility that the impaired self-renewal activity is a result of any cytotoxic effect of the Pin1 inhibitor on ESCs, ESCs treated with high concentrations of PiB were stained with Annexin V to detect apoptotic and dead cells. No significant difference in cell death was found between ESCs treated with PiB and mock-treated ESCs (Fig. S2C) . In further support of a role of Pin1 in the self-renewal of ESCs, knockdown of Pin1 in ESCs with siRNA reduced their self-renewal (Fig. 3F) . Therefore, functional Pin1 is required for the self-renewal of ES cells.
Pin1 Promotes Nanog Stabilization via a Ubiquitin Dependent Mechanism. To understand how Pin1 regulates the protein stability of Nanog, we tested whether Pin1 inhibits the degradation of Nanog in a proteasome-dependent manner. The proteasome inhibitor ALLN could prevent the reduction of Nanog protein levels after PiB treatment, suggesting that Pin1 might inhibit the ubiquitinproteasome-dependent degradation of Nanog (Fig. 4A) . To investigate whether Pin1 affects Nanog ubiquitination, HEK293 cells were cotransfected with vectors expressing HA-tagged ubiquitin together with Myc-tagged WT Nanog or Myc-tagged Nanog4A, respectively. The ubiquitination levels of Nanog4A were much higher than those of WT Nanog, suggesting that Nanog is ubiquitinated in ESCs and the interaction between Pin1 and Nanog inhibits the ubiquitination of Nanog (Fig. 4B) . Consistent with these findings, the ubiquitination levels of Nanog4A were much higher than WT Nanog in ESCs (Fig. 4C) . In addition, overexpression of Pin1 reduced the ubiquitination of Nanog (Fig. 4D ). As treatment with Pin1 inhibitor also increased the ubiquitination of Nanog in ESCs, the isomerase activity of Pin1 is important for inhibiting the ubiquitination of Nanog in ESCs (Fig. 4E) . In summary, these findings suggest that Pin1-dependent isomerization of Nanog stabilizes Nanog in ESCs by inhibiting its ubiquitination. Fig. 4 . Pin1 inhibits the ubiquitination of Nanog. (A) Proteosome-dependent pathway contributes to Nanog degradation. Mouse ESCs were mock-treated or treated with 20 μM PiB. Four hours before harvest, the PiB-treated cells were mock-treated or treated with the proteasome inhibitor ALLN. The treatments and time points are indicated on the top. The interaction between Pin1 and Nanog promotes the ubiquitination of Nanog in HEK293 cells (B) and in mouse ESCs (C). In B, HEK293 cells expressing HA-ubiquitin together with myc-tagged WT Nanog or Nanog4A were mock-treated or treated with ALLN. The ubiquitination of Nanog was revealed by immunoprecipitation with anti-HA antibody followed by immunoblotting with anti-Nanog antibody. In C, myc-tagged WT Nanog or Nanog4A was immunoprecipitated from ESCs expressing these proteins followed by immunoblotting with antiubiquitin antibody. The levels of unubiquitinated Nanog is also shown. (D) Increased Pin1 expression reduces the ubiquitination of Nanog in HEK293 cells. HEK293 cells expressing HA-ubiquitin and myc-tagged WT Nanog in the absence or presence of the overexpression of Flag-Pin1 were immunoprecipitated with anti-HA antibody followed by immunoblotting with anti-Nanog antibody. (E) Pin1 inhibitor greatly increases the ubiquitination of Nanog in mouse ESCs. Mouse ESCs expressing myc-tagged Nanog were mock-treated or treated with PiB for 6 h in the absence or presence of ALLN. The ubiquitination of Nanog was detected by immunoprecipitation with antimyc antibody followed by immunoblotting with antiubiquitin antibody. The total amount of unubiquitinated Nanog was revealed by anti-Nanog antibody. (F) Self-renewal of ESCs expressing Nanog 4A and 3A is reduced compared with WT. ESCs expressing Nanog WT, 4A, and 3A were plated at clonal density and the colonies were stained with the alkaline phosphatase detection kit and counted (Top). Nanog4A and 3A are less stable than WT Nanog in ESCs (Bottom). ESCs expressing myc-tagged WT Nanog, Nanog4A, or Nanog3A were incubated with cycloheximide and harvested at the indicated time points. The protein levels of myctagged Nanog are revealed with anti-myc antibody. (G) The expression of Nanog4A triggers NanogWT to ubiquitin mediated degradation. HEK293 cells expressing HA-ubiquitin and Nanog-FLAG in the presence of NanogWT-Myc or Nanog4A-Myc, respectively, were immunoprecipitated by HA antibody and probed with an anti-FLAG antibody.
Compared with WT control, mouse ESCs expressing Nanog4A or Nanog3A were impaired in self-renewal with a decreased stability of mutant Nanog protein compared with WT, indicating the importance of these phosphorylation events of Nanog in maintaining its stability and the self-renewal of ESCs (Fig. 4F) . As Nanog functions as a dimer (32, 33) , this finding suggests that Nanog4A and Nanog3A could destabilize the endogenous WT Nanog through dimerization. In support of this notion, coexpression of WT Nanog and Nanog4A leads to their dimerization and to increased ubiquitination of WT Nanog (Fig. 4G) .
Disruption of the Pin1-Nanog Pathway Impairs the Teratoma-Forming Potential of ESCs. The unlimited self-renewal capability and pluripotency of ESCs enables undifferentiated ESCs to form teratomas after transplantation into immunodeficient hosts. Pin1 is required for the self-renewal of ESCs, so we tested the importance of Pin1 in the formation of teratomas by ESCs. Coinjection of mouse ESCs with the Pin1 inhibitor PiB greatly reduced the size of teratomas formed in immunodeficient mice compared with that of WT ESCs implanted in the same mice (Fig. 5A) . Similarly, pretreatment of mouse ESCs with PiB for 24 h before implantation into immunodeficient mice also significantly reduced the size of teratomas (Fig. 5B) . Importantly, the levels of Nanog and Oct4 were significantly reduced in the teratomas derived from ESCs treated with Pin1 inhibitor, suggesting that transient Pin1 inhibition can significantly reduce the potential to form teratomas by mouse ESCs (Fig. 5C) ; the cells that express Oct4 and Nanog are the self-renewing stem cells (34) .
Pin1 regulates the stability and activity of several proteins important for cellular proliferation and survival. To evaluate the importance of the Pin1-Nanog interaction in teratoma formation by ESCs, we assayed teratoma formation by mouse ESCs expressing Nanog4A and Nanog3A in immunodeficient mice. The sizes of the teratomas formed by ESCs expressing Nanog4A or Nanog3A were approximately 20% or 30% of that formed by control ESCs implanted in the same mice, supporting the notion that the Pin1-Nanog pathway is important for teratoma formation by ESCs (Fig. 5D ). This finding also provides a functional link between the capability of ESCs to undergo selfrenewal and teratoma formation in vivo. As the roles of Pin1 in Nanog stabilization and ESC self-renewal are evolutionarily conserved between mouse and human ESCs, we tested whether Pin1 inhibitor can also suppress teratoma formation by hESCs. Similar to the findings with mouse ESCs, treating human ESCs with Pin1 inhibitor suppressed the formation of teratomas by human ESCs in immunodeficient mice (Fig. 5E ).
Discussion
The expression and activity of Nanog must be maintained to allow efficient self-renewal of ESCs. Like other important transcription factors such as p53, the stability and activity of Nanog might be efficiently modulated by posttranslational modifications (35) . In support of this idea, we demonstrated that phosphorylation of Nanog at Ser/Thr-Pro motifs promotes its interaction with Pin1, leading to the inhibition of ubiquitin-proteasome-dependent degradation of Nanog. To our knowledge, this is the first reported posttranslational mechanism that is evolutionarily conserved to regulate the stability of Nanog in mouse and human ESCs. Therefore, in addition to stringent transcriptional regulation, posttranslational modification plays important roles in modulating the protein levels of pluripotency factors critical for the self-renewal of ESCs.
Several lines of evidence support the importance of this posttranslational mechanism in ESC self-renewal. First, Pin1 activity is important to stabilize Nanog in ESCs by inhibiting its ubiquitination. The prolyl isomerization activity of Pin1 is required for Nanog stabilization, suggesting that the Pin1-induced conformational change of Nanog might inhibit its ubiquitination. In support of this notion, recent studies have shown that Pin1 acts as a ubiquitination switch in regulating p53 and other transcription factors (23) . Second, by using Nanog phosphorylation site mutants that cannot interact with Pin1, we have shown that the disruption of the interaction between Nanog and Pin1 suppresses ESC self-renewal. Pin1 is known to regulate the stability and activity of many transcription factors such as NF-κB and p53 that are involved in cell cycle regulation and survival, so this finding underscores the importance of the Nanog-Pin1 pathway in ESC self-renewal. Because Nanog functions as a dimer, our findings that unphosphorylatable Nanog is highly unstable and can promote the ubiquitination of coexpressed WT Nanog indicate a dynamic regulation of Nanog stability by phosphorylation. In this context, one might speculate that unphosphorylated Nanog could reduce the total amount of Nanog dimers in ESCs by ubiquitin-dependent proteolysis of both unphosphorylated Nanog and its dimerized phosphorylated partner.
The protein kinases that mediate the phosphorylation of Nanog at these Ser/Thr-Pro motifs remain to be identified. Based on the findings that the phosphorylation of Nanog at the Ser/Thr-Pro motifs is also evident when Nanog is ectopically expressed in differentiated 293 cells, we can conclude that the kinases that mediate the phosphorylation of Nanog at Ser/ThrPro motifs are not ESC-specific. Previous studies have shown that cyclin-dependent kinases and mitogen activated protein kinases are the major types of kinases involved in the phosphorylation of Ser/Thr-Pro motifs of other proteins (36) . If these kinases are also involved in phosphorylating Nanog at the Ser/Thr-Pro motifs leading to its stabilization, it would suggest that the protein levels of Nanog could be regulated by cell cycle or mitogenic pathways. In this context, considering the critical roles of Nanog in the selfrenewal of ESCs, this posttranslational modification could serve as a mechanism for ESCs to sense the cellular proliferation state and growth conditions to dictate whether to undergo self-renewal or to differentiate.
Materials and Methods
Detailed materials and methods can be found in SI Materials and Methods.
Expression Constructs. Phosphorylation site mutations (Ser/Thr to Ala) of Nanog were generated by site-directed mutagenesis as previously described (3) and verified by sequencing. The myc-tagged Nanog cDNAs and the HAtagged ubiquitin were cloned into a vector containing the chicken β-actin promoter. The Pin1 knockdown plasmid was generated by cloning the sequence specifically targeting the 21-nucleotide region (GAGACCTGGGTG-CCTTCAGCA) conserved in mouse, rat, and human mRNA downstream an 1 H promoter (37) . The Pin-FLAG was constructed by attaching a FLAG tag at the C terminus of Pin. The Nanog-HA and its phosphorylation site(s) mutants were generated by adding a HA tag at the C terminus of Nanog or its mutants.
